








depletion of RHOA expression 
in SH-SY5Y cells led to neurite 
outgrowth phenotypes that had 
~2.5-fold longer neurites with a 
~4-fold increase in branchpoints 
compared to the SMARTvector 
Non-targeting control-transduced 
cells (Figure 4).  Knockdown of 
RHOA in ATRA-treated cells did 
not lead to a significant increase 
in neurite outgrowth (Figure 
5).  In contrast, silencing RAC1 
expression in untreated cells 
resulted in fewer neurites and 
any associated branching was 
blocked.  Furthermore, depletion 
of RAC1 strongly inhibited ATRA-
induced neurite outgrowth so 
that branching was diminished 
~10-fold, while neurite count 
and length was decreased ~2-fold 
compared to the SMARTvector 
NTC (Figure 5).  Depletion of SRC 
also significantly inhibited neurite 
outgrowth induced by ATRA.    
However, knockdown of SRC and 

CSK expression in untreated cells 
had little to no effect on neurite 
formation. CSK silencing had no 
effect on neuronal differentiation 
in ATRA treated cells.

Conclusion
One of the aims of neurobiology 
is to identify those factors that 
promote differentiation and 
inhibit proliferation to apply as 
possible therapeutics for treatment 
of neuronal disease, brain injury 
and cancers.  To achieve this goal 
requires a better understanding 
of complexities involved in 
neuronal differentiation.  A critical 
challenge for the use of in vitro 
neuronal model systems is that 
the relevant cell types tend to 
be refractory to standard RNAi 
delivery methods.  In addition, 
the neuronal phenotypes under 
investigation require potent 
and sustained target gene 
knockdown in order to observe 

the morphological consequences. 
SMARTvector shRNA Lentiviral 
Particles successfully address both 
challenges by permitting sustained 
and extended knockdown in 
difficult-to-transfect cell types, like 
SH-SY5Y, previously inaccessible 
to RNAi approaches. 

The work described here 
demonstrates the application 
of the SMARTvector shRNA 
lentiviral platform to investigate 
the specific roles of individual 
genes in neuronal differentiaton.   
Neurite outgrowth represents 
a key indicator of neuronal 
differentiation and requires 
synchronized changes between 
the actin cytoskeleton and the 
microtubule network.  These 
changes are regulated by 
signaling pathways triggered 
by neurotrophins such as nerve 
growth factor (NGF), brain 
derived neurotrophic factor 
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Figure 5.  Neurite Outgrowth in Cells Treated with ATRA for Nine Days Post-Transduction.  (A) In ATRA-treated cells (10 µM), neurite 
outgrowth parameters measured with Cellomics Neuronal Pro� ling BioApplication were measured (Mean Neurite Count, Mean Neurite 
Average Length, Mean Branchpoint Average Count and Mean Branchpoint Average Distance from the Cell Body) and are shown for gene 
targets SRC, RAC1, CSK and RHOA.  Data was normalized to SMARTvector Non-targeting control treated under similar conditions.  
(B) Representative micrographs of SH-SY5Y cells transduced with SMARTvector constructs.  Cells were stained with Neurite Outgrowth 
HitKit (red) and Hoechst 33342 (blue).



(BDNF), and retinoic acid 
(RA)3.  Retinoic acid, a metabolic 
derivative of vitamin A, is 
important to both development 
and differentiation of the nervous 
system.  RA-induced signaling 
(Figure 6) is initiated by binding to 
members of the nuclear hormone 
receptor families (i.e., RAR and 
RXR)4.  The RA-RAR complexes 
are capable of binding to RA 
responsive elements (RARE) in 
the promoter regions of target 
genes and independently activating 
the Ras/PI3K/Rac1 pathway 
which results in cytoskeletal 
reorganization1-2.

Rho-GTPases are able to modulate 
both the cytoskeleton and 
transcriptional activation of target 
genes5.  For example, Rac1 activity 
leads to actin depolymerization 
and lamellipodia outgrowth 
essential for neuritogenesis.  
In addition to cytoskeletal 
reorganization, interaction of Rac1 
with Map3k1 activates the Mapk 
pathway leading to transcription 
of neuronal genes. In contrast, 
RhoA activity results in stress fiber 
formation and focal adhesions 
that hinder neuritogenesis.  Long-
term knockdown of RHOA and 
RAC1 in SH-SY5Y cells with the 
SMARTvector shRNA Lentiviral 
Particles resulted in measurable 
and quantifiable effects on neurite 

outgrowth.  Silencing of RHOA 
enhanced neurite outgrowth, while 
depletion of RAC1 inhibited the 
ability of the cells to generate 
and maintain neurites even in 
the presence of ATRA.  These 
results are consistent with recent 
reports that show similar effects 
with overexpression of dominant 
negative versions of Rac1and 
RhoA whereas constitutively 
active mutants expressed in other 
cell types demonstrated opposing 
effects6-7.  

The RA-RAR complex also 
interacts with Src, a non-
receptor tyrosine kinase, to 
initiate downstream signaling 
for neuritogenesis4.  Chemical 
inhibitors of Src block neurite 
outgrowth suggesting a key role 
for this gene in neuritogenesis.   As 
expected, when SRC expression 
was silenced in SH-SY5Y cells 
transduced with SMARTvector 
SRC shRNA particles, ATRA-
induced neurite outgrowth was 
blocked although to a lesser extent 
than with RAC1 silencing.  The 
activity of Src is regulated by Csk 
(C-terminal Src Kinase) which 
phosphorylates and inhibits Src.  
Csk overexpression has been 
shown to block activation of 
Src, thus inhibiting RA-induced 
neurite outgrowth4.  In this study, 
we demonstrated that while 

expression of CSK can inhibit 
neurite outgrowth, silencing of 
CSK expression has no significant 
effect on promoting neuritogenesis 
indicating a non-essential role for 
this member of the pathway. 

Summary
Potent and long-term knockdown 
of genes known to be involved in 
regulation of neurite outgrowth 
(RAC1, RHOA, SRC, CSK) 
was successfully achieved in the 
difficult-to-transfect SH-SY5Y 
cell line using the SMARTvector 
shRNA lentiviral technology.  The 
Neuronal Profiling BioApplication 
software and Cellomics ArrayScan 
VTI HCS Reader further enabled 
detailed analysis that distinguished 
the phenotypes of neuroblast-like 
cells from the epithelial cells in a 
mixed population characteristic 
of SH-SY5Y cells.  Moreover, our 
silencing experiments resulted in 
data consistent with the expected 
activities of genes known to be 
important to neurite outgrowth, 
further supporting the power of 
combining these biological and 
detection technologies. 
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